In this study, the finite difference time domain (FDTD) method was used to analyze light propagation in polymer nanoporous films. Compared with some theoretical models, it is found that the composite medium in series model is consistent with the results calculated by the FDTD method. In order to verify the theoretical model, we also fabricated several polymer nanoporous films, and obtained their effective indices of refraction and porosities with an ellipsometer and scanning electronic microscope (SEM), respectively. It is indicated that the composite medium in series model is also consistent with the experimental results.
Introduction
Nanoporous materials are of critical importance in many applications, such as catalysis [1] , sensing [2] , filtration and fabrication of more complex nanostructured materials [3] . In general, nanoporous films have low dielectric constants (low k) which are in demand to reduce parasitic capacitance and signal crosstalk between interconnects and improve the switching speed in ultralarge-scale integrated circuits [4] . Film porosities determine the dielectric, mechanical, thermal and chemical properties of the nanoporous films and their feasibility to be used in microelectronic technology. Increasing the porosity drives the dielectric constant down, but degrades the mechanical and chemical properties of the film. Therefore, practical methods are needed to reliably determine the porosities of nanoporous films.
Recently, advanced non-destructive methods, such as ellipsometric porosimetry (EP) [5] , small-angle neutron scattering spectroscopy (SANS) combined with specular xray reflectivity (SXR) [6] , and positron annihilation lifetime spectroscopy (PALS) [7] have been successfully applied to attain the required pore size and pore size distribution of low-k porous thin films. To our knowledge, however, few studies have been so far reported on the porosities of polymer nanoporous films.
In this work, the FDTD method was introduced to analyze the effective indices of refraction and porosities of polymer nanoporous films. We compared the FDTD calculation results with those of some theoretical methods and found that the composite medium in series model is the most consistent with the results. Furthermore, to compare with the theoretical method, polymer nanoporous films with polystyrene (PS)/poly (methyl methacrylate) (PMMA) were fabricated and analyzed with an ellipsometer and an SEM. It is indicated that the composite medium in series model is also quite consistent with the experimental results.
Simulations of the FDTD method
In this work, the FDTD method was used to analyze the light wave propagation in nanoporous films. Figure 1 shows part of the structure of a nanoporous film with Yee's grids [8] . In this structure, the simulated space was split into many small grids; each side of the grids was 25 nm. In figure 1 , the white grids represent some kind of polymer with refractive index 1.46, and the black grids represent nanopores with refractive index 1. By varying the volume ratio, the porosities of the simulated nanoporous film can be changed. During the simulation, a plane wave with 750 nm wavelength was used as the light source. The direction of the light propagation was along the Z -axis and the direction of light polarization was along the Y -axis. In order to decrease the error induced by the boundary of the simulated area, a perfect matched layer (PML) was applied [9] . Figure 2 shows the distribution of the electric field intensity during the propagation of light in a nanoporous film, whose porosity is 40%. Figures 2(a) , (b) and (c) show the distributions at the time t = 8.3, 24.9, and 41.5 fs, respectively. To calculate the effective index of refraction of the nanoporous film, the magnitude distribution of the electric field on the centerline along the Z -axis is shown in figure 3 , in which Z is the distance between the neighboring peaks. According to the Helmholtz equation, Z must satisfy the following equations: in which β is the propagation constant; λ is the wavelength of the light source in vacuum; and n eff is the effective index of refraction of the nanoporous film. Combined with equations (1) and (2), n eff can be simplified as
In our work, we made calculations for nanoporous films with porosities of 5%, 10%, 15%, 20%, 30%, 40%, and 50%. Their effective indices of refraction are 1.425, 1.391, 1.352, 1.320, 1.251, 1.220, and 1.181, respectively. Figure 4 shows the comparison between the FDTD simulation results, the composite medium in series model (equation (4)), MaxwellGarnett theory model (equation (5)), and Bruggeman theory model (equation (6)), which can be described by the following equations [10] [11] [12] :
in which n 1 , n 2 , V 2 , and n eff are the refractive index of the polymer, the refractive index of the pores (air), the porosity, and the effective index of refraction of the nanoporous film, respectively. As seen in figure 4 , it is clear that the curve of the composite medium in series model is most consistent with the FDTD calculation results. Equation (4) can be deduced from the effective dielectric constant of a composite medium. The effective dielectric constant of the composite medium in series model is described by the following equations:
in which ε 1 and ε 2 are the relative dielectric constant of each medium, V 1 and V 2 are the volume ratio of each medium, and ε eff is the effective dielectric constant of the composite medium. It is clear that the refractive index and the dielectric constant satisfy the following equation:
If n 2 is the index of pore (n 2 ≈ 1) and V 2 is the porosity, by importing equations (8) and (9) into equation (7), equation (4) can be obtained. Since the porous size of the nanoporous film is much smaller than the wavelength of light, the film can be regarded as a structure with many units of the composite medium in series model. Therefore, the effective index of refraction of the nanoporous film can be explained by the composite medium in series model.
Fabrication of polymeric nanoporous films
To prove the FDTD calculation results, polymeric nanoporous films composed of PS and PMMA (Aldrich Chemical Corporation) polymers were fabricated by the nanophase separation method [13] . Both of the polymers have relatively low molecular weight, so the final pore size in the nanoporous films could be controlled to be under ∼100 nm to reduce the optical scattering loss [14] . Characteristics of the polymers are listed in table 1. The procedure of fabricating nanoporous polymer films mainly consisted of three steps: (1) spin-coating, (2) nanophase separation, and (3) PS removal in a selective solvent (shown in figure 5 ). An adequate amount of polymer solution was dropped onto a silicon substrate placed on a spin-coater with a rotating speed of 1000 rpm ( figure 5(a) ). Nanophase separation occurred due to the rotation of the spin-coater, leading to a structure composed of both PS-rich and PMMA-rich phases ( figure 5(b) ). The sample was then placed into cyclohexane liquid to remove the PS-rich regions ( figure 5(c) ). A nanoporous polymer film was finally formed. By varying the mass ratios of PS and PMMA (50:50, 55:45, 60:40, and 65:35), nanoporous films with different porosities were fabricated. Figures 6(a)-(d) show the SEM images of To analyze the porosities of the films, an image-processing software [15] was used to calculate the porosities from the SEM photographs. Figure 7 shows the porosities and the size distributions of the nanoporous films. Figure 8 shows the comparison between the theoretical model and the experimental results. As seen from the figure 8, it is clear that the composite medium in series model is almost consistent with the experimental results. However, there are some reasons which can explain the differences between them. First, the porosities were obtained with the SEM photographs, which can only show the patterns on the top of the films but not inside the films; second, during the fabrication of the films, some PS always remained in the nanoporous films, which can introduce some errors in the measurements of the films.
Conclusions
In this paper, we have introduced the FDTD method to analyze the polymer nanoporous films, and simulated the propagation of light in the films. Compared with some theoretical models, it is found that the composite medium in series model is 
